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© The present invention provides a method of 
manufacturing fine ceramic particles, comprising the 
steps of supplying a raw gas or raw liquid droplets 
to a reaction space provided in an annular portion 
between the stationary outer cylinder and the rotat- 
able inner cylinder of a double coaxial cylindrical 
reactor, and subjecting the raw gas or raw liquid 
droplets to a reaction in the reaction space while 
rotating the inner cylinder. The present invention 
also provides an apparatus used to practice this 


method. A Taylor vortex is employed as a fluid flow 
in a CVD reaction zone or a thermal decomposition 
reaction zone. Consequently, the temperature dis- 
tribution in the vortex, the concentration distribution 
of the reaction gas or concentration distribution in 
terms of the number of liquid droplets, and the 
residence time of formed fine particles confined in 
the vortex become uniform, and uniform fine ceramic 
particles can be obtained with a high yield. 
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TECHNICAL FIELD 

The present invention relates to a method for 
producing ceramic fine particles and an apparatus 
used therefor. More specifically, it relates to a 
method for continuously producing ceramic fine 
particles comprising vaporizing one or more kinds 
of metal compounds to give gaseous starting ma- 
terials, and then subjecting the gaseous starting 
materials to chemical reaction, namely by CVD 
method (Chemical Vapor Deposition method), or a 
method for continuously producing ceramic fine 
particles comprising treating a solution containing 
one or more kinds of metal salts to form fine 
starting material droplets, and then subjecting the 
starting material droplets to pyrolytic reaction, 
namely to spray pyrolysis method, and it also 
relates to a production apparatus used for these 
production methods. 

BACKGROUND ART 

In general, ceramic fine particles include fine 
particles of oxides, such as Ti02, ZnO, AI2O3, and 
Si02, those of carbides, such as SiC and TiC, and 
those of nitrides, such as Si3N^, TiN, and AIN. 
Having various properties, such as photoconductiv- 
ity, piezoelectricity, fluorescence, and catalytic ef- 
fects, the fine particles are frequently used in var- 
ious industrial fields. 

Among the ceramic fine particles, titanium ox- 
ide fine particles, for instance, have diversified in- 
dustrial applications, and they are used as white 
pigments, magnetic starting materials, abrasives, 
pharmaceuticals, and ultraviolet shielding materials. 

Also, SiC fine particles, for instance, have di- 
versified industrial applications, and they are used, 
for instance, for thermistors utilizing their resistivity 
stability and for varistors utilizing their non-linearity 
of voltage-current relationship. Other ceramic fine 
particles also have various industrial applications. 

As mentioned above, although ceramic fine 
particles have very great industrial applications, it 
is important to produce uniform fine particles with a 
narrow particle diameter distribution in order to 
optimize their performance. In other words, by pro- 
ducing fine particles, specific surface areas thereof 
are increased, and the proportion of number of 
molecules located on the surface of the fine par- 
ticles based on the entire number of molecules 
constituting the fine particles increases. Therefore, 
the surface energy of the fine particles is in- 
creased, and the performance of the fine particles 
per unit weight is markedly enhanced. In addition, 
no variation in the performance of the fine particles 
is found, because the particle diameter distribution 
is narrow. 


Also, by forming a concentric, multi-layered 
structure, the ceramic fine particles can enjoy the 
combined functions of the ceramic constituting the 
respective layers, and the improved properties for 

5 the surface of the substances forming the core. In 
order to exhibit an optimum performance of the 
fine particles having a multi-layered structure men- 
tioned above, each of the layers constituting the 
ceramic fine particles has to be coated uniformly. 

10 By uniformly and evenly coating the outermost 
layer, in particular, it is possible to inhibit the 
properties Of the surface of the inner layer from 
directly affecting the outer portion, and to uniformly 
exhibit the properties of the outermost layer. 

15 The methods for producing ceramic fine par- 

ticles of having extremely important industrial ap- 
plications as mentioned above can be roughly di- 
vided into a liquid-phase method and a vapor 
phase method. 

20 Examples of the liquid-phase methods include 

a method for producing zinc oxide fine particles 
comprising hydrolyzing a metal alkoxide thereof, to 
give zinc oxide fine particles (Japanese Patent 
Laid-Open No. 2-59425). Also, in general, a long- 

25 time used method comprises adding an acid or 
alkali solution to a metal salt to cause a reaction in 
the liquid-phase, to give desired ceramic fine par- 
ticles. 

As for fine particles having a multi-layered 

30 structure, for example, a method comprising the 
steps of adding a metal salt to an aqueous suspen- 
sion of, for instance, Ti02 fine particles, and coat- 
ing the surface of the fine particles with a metal 
oxide by a neutralization reaction is known (Japa- 

35 nese Patent Laid-Open No. 3-88877). 

The production processes based on the liquid- 
phase method are difficult to automate, because 
they are basically subject to batch process. In 
addition, because the formed fine particles are ob- 

40 tained in a solid-liquid mixed phase, filtration and 
drying steps have to be added to give a finished 
product. Therefore, the entire production process 
becomes more complicated, and maintenance of 
the entire process becomes difficult, which in turn 

45 makes it difficult to lower the product cost. 

The vapor-phase methods include a method for 
producing ceramic fine particles generally compris- 
ing the steps of vaporizing a metal, and mixing the 
formed vapor and an oxygen-containing gas to 

50 carry out a catalytic oxidation reaction (For in- 
stance, methods for producing zinc oxide fine par- 
ticles are disclosed in Japanese Patent Laid-Open 
Nos. 1-286919 and 2-208369). Also, there is a 
method for producing fine particles known as CVD 

55 method (chemical vapor deposition method), as 
one means for the vapor-phase method, the meth- 
od comprising the steps of introducing gaseous 
starting materials together with a carrier gas into a 
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reaction tube, and supplying energy by heating or 
other means to the gaseous starting materials in 
the reaction tube to cause a chemical reaction, to 
give fine particles. The fine particles obtained by 
this method have a high product purity and a 
relatively even particle diameter. Examples of this 
kind of methods include a method for producing an 
amorphous, spherical silica powder according to 
the CVD method using an organic silicon com- 
pound as a starting material (Japanese Patent Laid- 
Open No. 4-97907), and a method for producing 
coated fine particles comprising forming a fluidized 
bed comprising fine particles using a low-high fre- 
quency synthetic sound wave and coating the 
fluidized bed by the CVD method (Japanese Patent 
Laid-Open No. 64-80437). 

As for a method having the properties of both 
the liquid-phase method and vapor-phase method 
mentioned above, there is a spray pyrolysis meth- 
od, comprising the steps of atomizing an aqueous 
solution or organic solvent solution, each solution 
containing a metal salt of an inorganic acid or 
organic acid, conveying the atomized liquid par- 
ticles to a heating furnace, and carrying out 
pyrolytic reaction with the liquid particles, to give 
oxide fine particles (For instance, a method for 
producing an oxide superconductor is disclosed in 
Japanese Patent Laid-Open No. 2-196023). 

In the above-mentioned vapor-phase method, 
or the CVD method, which is one means thereof, 
and the spray pyrolysis method, which is a modi- 
fied method thereof, in general, for the purposes of 
controlling the particle diameter and crystallinity of 
the produced fine particles in a reactor for produc- 
ing fine particles, the fine particles are produced by 
supplying gaseous starting materials in a laminar 
flow into a tube type reactor to achieve an even 
temperature distribution and an even concentration 
distribution of the gaseous starting materials, or an 
even density distribution of the starting material 
droplets in the reactor. Therefore, it is difficult to 
obtain an even temperature distribution, concentra- 
tion distribution of gaseous starting materials or 
density distribution of starting material droplets in 
the reactor when "scale-up" of the reactor takes 
place, so that scale-up of the reactor is made 
difficult. In addition, the yield is low because large 
amounts of fine particles are adhered to the inner 
wall of the reactor. 

On the other hand, in the case of employing 
liquid-liquid reaction, a method for producing uni- 
form droplets using Taylor vortex flow is disclosed 
in Japanese Patent Laid-Open No. 56-139122. 
Here, the Taylor vortex flow is a donut-shaped 
vortex flow exhibited in a fluid when the gap be- 
tween double cylinders sharing the same center of 
axis is filled with the fluid and the inner cylinder is 
rotated at a given rotational speed or higher, while 


keeping the outer cylinder stationary. The Taylor 
vortex flow is regularly stacked in the axial direc- 
tion of the cylinder, and it can be parallel-shifted in 
stacks without extinction by setting an appropriate 

5 axial flow velocity in the liquid phase. By utilizing 
the above-mentioned Taylor vortex flow, the scale- 
up of the reactor becomes easy, so that continuous 
reaction can be carried out. However, examples 
applying to either of the vapor-phase method or the 

w spray pyrolysis method have not so far been 
known. 

Although applications of the Taylor vortex flow 
to production of uniform droplets in a liquid-liquid 
system and to liquid-liquid reactions is disclosed in 
75 Japanese Patent Laid-Open No. 56-139122 men- 
tioned above, a method for producing ceramic fine 
particles utilizing the Taylor vortex flow has not yet 
been known. 

20 DISCLOSURE OF THE INVENTION 

The present invention has been developed to 
solve the above-mentioned issues, including having 
difficulty in scale-up of the reactor and a low yield 

25 in the vapor-phase method and the spray pyrolysis 
method. The present inventors have found that 
ceramic fine particles can be mass-produced with a 
high yield by using the Taylor vortex flow men- 
tioned above, because scale-up of the reactor can 

30 be easily carried out with a simple process, so that 
continuous operation is made possible, and that 
small amounts of the fine particles are adhered to 
the wall surfaces of the inner cylinder and the outer 
cylinder. The present inventors have made further 

35 investigations based on this finding, and developed 
the present invention. 

Specifically, the gist of the present invention is 
the following: 

(1) A method for producing ceramic fine par- 
40 tides comprising the steps of vaporizing one or 

more kinds of metal compounds to give gaseous 
starting materials; supplying the gaseous start- 
ing materials with a carrier gas into a reaction 
space arranged in an annular portion between 

45 inner and outer cylinders of a coaxial, double- 
cylinder reaction apparatus, the reaction appara- 
tus having a stationary outer cylinder and a 
rotatable inner cylinder; and subjecting the gas- 
eous starting materials to reaction in the reaction 

so space while rotating the inner cylinder; 

(2) An apparatus for producing ceramic fine par- 
ticles comprising a starting material vaporizer for 
vaporizing one or more kinds of metal com- 
pounds to give gaseous starting materials; a 

55 device for supplying a carrier gas for conveying 
the gaseous starting materials; a coaxial, dou- 
ble-cylinder reaction apparatus for forming Tayl- 
or vortex flow, the reaction apparatus having a 
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stationary outer cylinder and a rotatable inner 
cylinder, and further comprising a feed opening 
for supplying the gaseous starting materials; an 
inner cylinder rotating motor device for rotating 
the inner cylinder; an energy supplying device 
for supplying energy required for chemical reac- 
tion to the reaction space, the reaction space 
being arranged in an annular portion between 
the inner and outer cylinders of the reaction 
apparatus; and a device for collecting fine par- 
ticles, the fine particles to be collected being in 
a vapor phase coming out from the reaction 
space; 

(3) A method for producing ceramic fine par- 
ticles comprising the steps of forming fine start- 
ing material droplets having an average droplet 
diameter of 0.1 urn to 100 urn using a solution 
containing one or more kinds of metal salts; 
supplying the starting material droplets with a 
carrier gas to the reaction space arranged in an 
annular portion between inner and outer cyl- 
inders of a coaxial, double-cylinder reaction ap- 
paratus, the reaction apparatus comprising a 
stationary outer cylinder and a rotatable inner 
cylinder; and subjecting the starting material 
droplets to pyrolytic reaction in the reaction 
space while rotating the inner cylinder; and 

(4) An apparatus for producing ceramic fine par- 
ticles comprising a device for supplying a solu- 
tion containing one or more kinds of metal salts; 
a device for atomizing starting materials for for- 
ming fine droplets from the solution to give 
starting material droplets; a device for supplying 
a carrier gas for conveying said starting material 
droplets; a coaxial, double-cylinder reaction ap- 
paratus for forming Taylor vortex flow, the reac- 
tion apparatus comprising a stationary outer cyl- 
inder and a rotatable inner cylinder; an inner 
cylinder rotating motor device for rotating the 
inner cylinder; a thermal energy supplying de- 
vice for supplying thermal energy required for 
pyrolytic reaction to the reaction space, the re- 
action space being arranged in an annular por- 
tion between the inner and outer cylinders of the 
reaction apparatus; and a device for collecting 
fine particles, the fine particles to be collected 
being in a vapor phase coming out from the 
reaction space. 

In the present invention, with respect to the 
production method of (1) above, the following 
method is a preferred embodiment in order to 
produce ceramic fine particles having a multi-lay- 
ered structure: 

(i) A production method comprising the steps of 
further supplying core fine particles besides 
gaseous starting materials to a reaction space 
with a carrier gas to coat the surface of the core 
fine particles with a ceramic formed by the 


reaction of the gaseous starting materials. 

(ii) A production method comprising the steps of 
supplying different kinds of gaseous starting ma- 
terials to a reaction space with a carrier gas 

5 through two or more feed openings, the feed 
openings being arranged in a coaxial, double- 
cylinder reaction apparatus, to form ceramic fine 
particles having a multi-layered structure with a 
ceramic formed by the reactions of each of the 

w gaseous starting materials. 

(iii) A production method comprising the steps of 
supplying core fine particles to a reaction space 
with a carrier gas at the same time supplying 
different kinds of gaseous starting materials to a 

15 reaction space with a carrier gas through two or 
more feed openings, the feed openings being 
arranged in a coaxial, double-cylinder reaction 
apparatus, to form ceramic fine particles having 
a multi-layered structure comprising a ceramic 

20 formed by the reactions of each of the gaseous 
starting materials, and the core particles. 

BRIEF DESCRIPTION OF THE DRAWINGS 

25 Figure 1 is a schematic view showing an exam- 

ple of an apparatus for producing fine particles in 
Embodiment A of the present invention. Figure 2 is 
a schematic view showing an example of an ap- 
paratus for producing fine particles having a multi- 

30 layered structure in Embodiment A of the present 
invention. Figure 3 is a schematic view showing an 
example of an apparatus for producing fine par- 
ticles having a multi-layered structure in Embodi- 
ment A of the present invention. Figure 4 is a 

35 schematic view showing an example of an appara- 
tus for producing fine particles having a multi- 
layered structure in Embodiment A of the present 
invention. Figure 5 is a schematic view showing an 
example of an apparatus for producing ceramic fine 

40 particles in Embodiment B of the present invention. 

The reference numerals used in Figure 1 
through Figure 5 are as follows: 

1 is an inner cylinder, 2 an outer cylinder, 3 a 
motor device for rotating an inner cylinder, 4 a 

45 device for supplying energy required for chemical 
reaction, 5 a starting material vaporizer, 5a a start- 
ing material vaporizer (evaporator), 5b a starting 
material vaporizer (evaporator), 6 a device for sup- 
plying a carrier gas, 6a a device for supplying a 

50 carrier gas, 6b a device for supplying a carrier gas, 
7 a device for collecting fine particles, 8 a reaction 
space, 9 a feed opening for supplying gaseous 
starting materials, 9a a feed opening for supplying 
gaseous starting materials, 9b a feed opening for 

55 supplying gaseous starting materials, 10 a powder 
supply dispersion device, 11 a device for supplying 
a carrier gas used for conveying powder, 12 a feed 
opening for supplying core fine particles, 13 a 
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vessel, 14 a circulation pump for conveying fluids, 
15 a device for atomizing starting materials, and 16 
a device for supplying thermal energy. 

BEST MODE FOR CARRYING OUT THE INVEN- 
TION 

The present invention is hereinafter explained 
in detail referring to the drawings. 

The present invention is roughly divided into an 
embodiment comprising the steps of supplying 
gaseous starting materials to a reaction space ar- 
ranged in an annular portion between the inner and 
outer cylinders of a coaxial, double-cylinder reac- 
tion apparatus, and subjecting the gaseous starting 
materials to reaction in the reaction space while 
rotating the inner cylinder; and an embodiment 
comprising the steps of supplying starting material 
droplets to a similar apparatus, and subjecting the 
starting material droplets to pyrolytic reaction in the 
reaction space. The production method of the 
present invention utilizing the vapor-phase reaction 
mentioned above is referred to as Embodiment A, 
and the production method of the present invention 
utilizing the liquid-phase reaction is referred to as 
Embodiment B, each of which is hereinafter ex- 
plained separately. 

Embodiment A 

In the ceramic fine particles obtained by the 
method according to Embodiment A of the present 
invention, there are two kinds, namely, those com- 
prising a single layer and those having a multi- 
layered structure. There are various embodiments 
for apparatuses for producing the ceramic fine par- 
ticles. 

Figure 1 is a schematic view showing an exam- 
ple of an apparatus for producing ceramic fine 
particles comprising a single layer. 

In Figure 1, the gaseous starting materials 
comprising one or more kinds of metal compounds 
vaporized by a starting material vaporizer 5 are 
introduced into the coaxial, double-cylinder reaction 
apparatus through a feed opening 9 for supplying 
starting materials arranged at the bottom portion of 
the apparatus with a carrier gas supplied from a 
device 6 for supplying a carrier gas, the reaction 
apparatus having a stationary outer cylinder 2 and 
a rotatable inner cylinder 1 . At this time, the inner 
cylinder is being rotated by a motor device 3 for 
rotating an inner cylinder. By setting the rotational 
angular velocity of the inner cylinder and the axial 
velocity of the vapor phase at suitable values in the 
gap (a reaction space 8) formed between the inner 
cylinder 1 and the outer cylinder 2, a Taylor vortex 
flow, which is an annular vapor-phase vortex flow, 
can be formed. The Taylor vortex flow is in a state 


of a vapor-vapor mixed phase at the inlet, and as 
the Taylor vortex flow shifts toward the outlet, the 
gaseous starting materials contained in the Taylor 
vortex flow are energized by an energy supplying 

5 device 4 for supplying energy required for chemi- 
cal reaction, and chemical reaction takes place to 
form ceramic fine particles. The fine particles in the 
vapor phase coming out from the reaction space 8 
are collected by a device 7 for collecting fine 

w particles. 

The starting material vaporizer is preferably an 
evaporator having a temperature-controllable heat- 
ing member, with a particular preference to one in 
which the amount of the starting materials evap- 

75 orated can be kept at a given level. 

The device for supplying a carrier gas may be 
any ones which can supply a given amount of flow 
of the carrier gas for a long period of time. As for a 
device for controlling a flow of the carrier gas, for 

20 instance, a mass flow meter may be used. 

The coaxial, double-cylinder reaction apparatus 
comprises a stationary outer cylinder and a rotat- 
able inner cylinder, and an annular portion formed 
in a gap between the inner cylinder and the outer 

25 cylinder is used as a reaction space. As for materi- 
als for the apparatus, stainless steel, ceramics, 
silica glass, etc. can be used. 

The motor device for rotating an inner cylinder 
is a device which can make the inner cylinder 

30 rotate at a given speed for a long period of time, 
and for instance, an inverter-type motor may be 
used. 

As for devices for supplying energy required 
for chemical reaction, thermal, photo-induced, and 

35 plasma generators are respectively used for each 
of processes of thermal CVD, photo-induced CVD, 
and plasma CVD. More specifically, examples of 
generators include temperature-controllable high- 
temperature heating members (electric furnace, 

40 etc.), low-pressure mercury lamps, CO2 lasers, ArF 
lasers, arc plasmas, and high-frequency induction 
thermal plasmas. The conditions of energy when 
using these energy supplying devices are not par- 
ticularly limited, and the conditions can be suitably 

45 set depending upon the reaction in subject. For 
instance, in the case of using a high-temperature 
heating members in thermal CVD, a suitable tem- 
perature may be set in the range of from normal 
temperature to 1500°C. 

50 Examples of these reactions include the follow- 

ing: 

Ti(OC 3 H 7 )* - Ti0 2 + 4C 3 H 5 + 2H 2 0 (Thermal 
CVD) 

55 (Si(CH 3 ) 3 ) 2 NH - Si2NC 6 Hi9 (Photo-induced CVD) 
Sihk + N 2 — SiN 2 H* (Plasma CVD) 

In addition, as for the energy distribution in this 
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reaction space, in the case of the thermal CVD, 
those which can make the temperature distribution 
in the reaction space even are preferred, and in 
cases of the photo-induced CVD and the plasma 
CVD, those having uniform photo-induced field and 
uniform plasma field are preferred. 

As for the device for collecting fine particles, a 
filter-type or electrostatic-type collector is effec- 
tively used, with a preference given to an electric 
dust collector or a diffusion charge-type electro- 
static collector for a long-term operation. 

Next, an apparatus for producing ceramic fine 
particles having a multi-layered structure will be 
explained. There are three embodiments for pro- 
ducing ceramic fine particles having a multi-layered 
structure given below. 

First, Figure 2 is a schematic view showing an 
example of an apparatus of the first embodiment 
for producing ceramic fine particles having a multi- 
layered structure according to Embodiment A of 
the present invention. 

In Figure 2, an inner cylinder 1, an outer cyl- 
inder 2, a motor device 3 for rotating an inner 
cylinder, an energy supplying device 4, a starting 
material vaporizer 5, a device 6 for supplying a 
carrier gas, and a reaction space 8 have similar 
functions to those of Figure 1 explained above, and 
a mechanism of forming a Taylor vortex flow using 
the above members and subjecting gaseous start- 
ing materials to chemical reaction is similar to the 
case of Figure 1 explained above. In this appara- 
tus, a feed opening 12 for supplying core fine 
particles is further arranged in the coaxial, double- 
cylinder reaction apparatus, to which a means for 
supplying core fine particles is connected. Specifi- 
cally, a means for supplying core fine particles 
used herein refers to a means for dispersing in a 
carrier gas fine particulate substances constituting 
the core of the ceramic fine particles (hereinafter 
simply referred to as "core fine particles") by using 
a powder supply dispersion device 10, the carrier 
gas being supplied from a device 11 for supplying 
a carrier gas used in conveying powder; and sup- 
plying the carrier gas containing the core fine par- 
ticles into the reaction space 8 from a feed opening 
12 for supplying core fine particles. In this embodi- 
ment, the ceramic fine particles having a multi- 
layered structure can be produced by the steps of 
supplying the gaseous starting materials from a 
feed opening 9 for supplying gaseous starting ma- 
terials, the feed opening being arranged, for in- 
stance, at the top portion of the coaxial, double- 
cylinder reaction apparatus; subjecting the gaseous 
starting materials to chemical reaction to form ce- 
ramic; and coating the surface of the core fine 
particles supplied from the feed opening 12 with 
the ceramic. The fine particles contained in the 
vapor phase coming out from the reaction space 8 


are collected by using a device 7 for collecting the 
fine particles in the same manner as in Figure 1 
explained above. The feed opening 12 for sup- 
plying core fine particles is normally arranged near 

5 the inlet of the reaction space. The devices for 
supplying a carrier gas used in conveying powder 
may be any ones as long as a given amount of 
flow of the carrier gas can be supplied for a long 
period of time as similarly as the device for sup- 

w plying the carrier gas, the device for supplying a 
carrier gas used in conveying powder comprising a 
source for supplying a carrier gas and a device for 
controlling amount of flow. Of the above, the 
source for supplying a carrier gas may be shared 

15 with that in the device for supplying a carrier gas. 

In addition, the powder supply dispersion de- 
vice may be any ones as long as the core fine 
particles can be uniformly dispersed in the carrier 
gas at a given concentration. Examples thereof 

20 include a device for dispersing the core fine par- 
ticles in the carrier gas by having a powder storage 
vessel and passing the core fine particles supplied 
at a given speed from the storage vessel through a 
thin pipe at a high speed by using the carrier gas. 

25 Figure 3 is a schematic view showing an exam- 

ple of an apparatus of the second embodiment for 
producing ceramic fine particles having a multi- 
layered structure according to Embodiment A of 
the present invention. 

30 In Figure 3, an inner cylinder 1, an outer cyl- 

inder 2, a motor device 3 for rotating an inner 
cylinder, an energy supplying device 4, starting 
material vaporizers 5a, 5b, devices 6a, 6b for sup- 
plying a carrier gas, and a reaction space 8 have 

35 similar functions to those of Figure 1 explained 
above, and a mechanism of forming a Taylor vortex 
flow using the above members and subjecting gas- 
eous starting materials to chemical reaction is simi- 
lar to the case of Figure 1 explained above. 

40 The apparatus of Figure 3 differs from that of 

Figure 1 in that it has two feed openings (9a, 9b) 
for supplying gaseous starting materials, whereas 
the apparatus of Figure 1 has one feed opening for 
supplying gaseous starting materials. In this em- 

45 bodiment, for instance, the ceramic fine particles 
having a multi-layered structure can be produced 
by the steps of supplying the gaseous starting 
materials from a feed opening 9a for supplying 
gaseous starting materials, the feed opening 9a 

50 being arranged at the bottom portion of the appara- 
tus; subjecting the gaseous starting materials to 
chemical reaction to form ceramic; and coating the 
surface of the ceramic obtained above with another 
ceramic, the other ceramic being produced by sub- 

55 jecting different gaseous starting materials supplied 
from a feed opening 9b to chemical reaction, the 
feed opening 9b being arranged at the wall portion 
of the outer cylinder of the apparatus. Since dif- 
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ferent kinds of gaseous starting materials are sup- 
plied at each of the feed openings, a multi-layered 
structure can be formed depending upon the kinds 
of the gaseous starting materials used. Although a 
case having two feed openings for supplying gas- 
eous starting materials is exemplified in Figure 3, 
the number of feed openings is not particularly 
limited thereto, and the number of the feed open- 
ings may be appropriately determined according to 
the number of desired layers. 

The third embodiment for producing ceramic 
fine particles having a multi-layered structure ac- 
cording to Embodiment A of the present invention 
is a device in which the features of the first em- 
bodiment and the second embodiment mentioned 
above are combined. Specifically, the apparatus is 
a coaxial, double-cylinder reaction apparatus com- 
prising a feed opening for supplying core fine par- 
ticles and a means for supplying the core fine 
particles connected thereto, and further comprising 
two or more feed openings for supplying gaseous 
starting materials (Figure 4). By using this appara- 
tus, ceramic fine particles having a multi-layered 
structure comprising a plurality of Ceramic coat 
layers formed on the surface of the core fine par- 
ticles can be produced. As for each of the devices 
and members in this embodiment, the same ones 
as those in the first embodiment and the second 
embodiment can be used. 

In the present invention, there are three em- 
bodiments for producing ceramic fine particles hav- 
ing a multi-layered structure according to Embodi- 
ment A as mentioned above, among which a pref- 
erence is given to the first or third embodiment 
from the viewpoint of easy control in the particle 
diameter of the ceramic fine particles having a 
multi-layered structure. 

Next, the method for producing the ceramic 
fine particles of the present invention using the 
apparatuses in Embodiment A of the present inven- 
tion mentioned above will be explained. 

The gaseous starting materials used in the 
present invention are one or more kinds of metal 
compounds in the vapor state. As shown in Figure 
3, in the case where two or more feed openings for 
supplying gaseous starting materials are provided, 
different kinds of gaseous starting materials are 
used. 

The metal elements used in the metal com- 
pounds are specifically alkali metals, alkaline earth 
metals, transition metals, etc. Examples thereof in- 
clude alkali metals, such as Li, Na, K, Rb, Cs, and 
Fr; alkaline earth metals, such as Be, Mg, Ca, Sr, 
Ba, and Ra; and transition metals including ele- 
ments in the fourth series of the periodic table, 
such as Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, 
Ge, and As; elements in the fifth series, such as Y, 
Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, and Sb; 


elements in the sixth series, such as La, Hf, Ta, W, 
Re, Os, Ir, Pt, Au, Hg, TI, Pb, and Bi; and other 
elements, such as Al and Si. 

Also, the kinds of the metal compounds are 
5 metal chlorides, hydrogenated metals, and or- 
ganometallic compounds including metal alkoxides, 
alkylated metals, metal complexes with 0- 
diketones. Specific examples of the metal com- 
pounds include TiCU, SiCU, Sihk, Ashb, Ti- 
ro (OC3H7H, AI(OC 3 H 7 ) 3 , AI(CH 3 ) 3 , Zn(C 2 H 5 )2, Zn- 
(CiiHi 9 0 2 )2, and Zr(Ci 1 Hi 9 0 2 )4- 

These metal compounds may be used in a 
vapor phase singly or as a mixture. In the case 
where a mixture, for instance, a mixed gas of a Ti- 
75 (OC3H7K gas and a Zn(C2H 5 )2 gas, is used, com- 
posite fine particles comprising Ti0 2 fine particles 
and ZnO fine particles can be obtained by the CVD 
method. 

The carrier gas refers to an inert gas, or any 

20 gases which do not inhibit the progress of the 
chemical reaction, and for instance, helium, air, 
nitrogen, etc. may be used. The amount of flow of 
the carrier gas is preferably adjusted so that the 
amount of flow of the carrier gas is an amount not 

25 more than that which may cause to break the 
Taylor vortex flow, which is an annular vortex in a 
vapor phase, and the residence time of the carrier 
gas containing the gaseous starting materials in the 
reaction space becomes not shorter than 1 second. 

30 The concentration of the gaseous starting ma- 

terials is preferably in the range of from 0.001 to 
40% by weight, desirably in the range of from 0.01 
to 20% by weight, based on the carrier gas. The 
reasons for limitations are as follows. When the 

35 concentration of the gaseous starting materials is 
lower than 0.001% by weight, the amount of the 
fine particles produced becomes extremely small, 
and when the concentration of the gaseous starting 
materials is higher than 40% by weight, the ag- 

40 gregates of the gaseous starting material molecules 
themselves and the adhesion of the resulting fine 
particles to the wall surface of the inner cylinder 
and the outer cylinder vigorously takes place, 
thereby making the size of the resulting fine par- 

45 tides uneven, which in turn makes the yield poor. 

In the method of the present invention, by 
introducing the core fine particles into the reaction 
space, the core fine particles are coated with ce- 
ramics formed by reaction of the gaseous starting 

50 materials, so that fine particles having a multi- 
layered structure can be produced. The core fine 
particles refer to ones comprising inorganic sub- 
stances such as metals and ceramics, organic sub- 
stances, or composites thereof, each of which hav- 

55 ing a size which can shift in the reaction space by 
using the carrier gas without sedimenting therein. 
Examples thereof include Ti0 2 fine particles, mica 
fine particles, iron particles, and polymer beads. 
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The carrier gas for conveying the core fine 
particles refers to an inert gas, or any gases which 
do not inhibit the progress of the chemical reaction 
of the gaseous starting materials in the reaction 
space, and, for instance, helium, air, nitrogen, etc. 
may be used as in the case of the carrier gas for 
conveying gaseous starting materials. The amount 
of flow of the carrier gas is preferably adjusted so 
that a total amount of flow of the carrier gas includ- 
ing the carrier gas for conveying gaseous starting 
materials is an amount not more than that which 
may break the Taylor vortex flow, which is an 
annular vortex in a vapor phase, and the residence 
time of the carrier gas containing the gaseous 
starting materials and the core fine particles in the 
reaction space becomes not shorter than 1 second. 

The core fine particles can be supplied to the 
reaction space through a feed opening 12 arranged 
at the inlet (top portion) of the reaction space, as 
shown in Figure 2. Although the feed opening 12 
for supplying core fine particles is usually arranged 
near the inlet of the reaction space as mentioned 
above, any embodiments may be acceptable, as 
long as the ceramic formed by the reaction of the 
gaseous starting materials can coat the surface of 
the core fine particles. The position of the feed 
opening is suitably selected relative to the position 
of the feed opening for supplying gaseous starting 
materials. The feed opening may be arranged on 
the wall portion of the outer cylinder near the inlet. 

In applications where not only the properties of 
the coating ceramic material but also the properties 
of the core fine particles have to be strongly exhib- 
ited, the ceramic coating to the surface of the core 
fine particles may be preferably partial. In order to 
obtain the ceramic fine particles having a multi- 
layered structure mentioned above, the feed open- 
ing for supplying core fine particles may be ar- 
ranged at a position away from the inlet along the 
axial direction of the inner cylinder. Specifically, the 
feed opening for supplying core fine particles may 
be arranged on the wall surface of the outer cyl- 
inder near the center thereof, and the distance from 
the inlet of the reaction space may be suitably 
selected according to the desired ceramic fine par- 
ticles. 

The core fine particles are preferably intro- 
duced into the reaction space while being dis- 
persed in a carrier gas using a powder supply 
dispersion device, or the like, so that an even 
coating is provided by allowing the surface of the 
core fine particles to sufficiently contact the vapor 
phase. The dispersion concentration is desirably 
from 10 2 to 10 20 particles/m 3 . When the concentra- 
tion is at conditions of higher than 10 20 parti- 
cles/m 3 , the degree of dispersion of the core par- 
ticles lowers, and when the concentration is at 
conditions of lower than 10 2 particles/m 3 , productiv- 


ity of the resulting coated particles drastically de- 
creases. 

The ceramic formed by the reaction of the 
gaseous starting materials coats the surface of the 

5 core fine particles in the forms of atoms, mol- 
ecules, or radicals thereof, or aggregates thereof, 
the ceramics being laminated to form a coat layer. 
Although the structure of the coat layer may vary 
depending on the coating state and the reaction 

w space conditions, the coat layer usually has a sub- 
stantially uniform laminar structure. In certain cases 
depending on the position of the feed opening for 
supplying core fine particles, the ceramic may form 
aggregates of partially uniformly coated fine par- 

15 tides. 

The gaseous starting materials may be intro- 
duced through a single feed opening 9, as shown 
in Figure 1. Alternatively, as shown in Figure 3, the 
gaseous starting materials may be supplied step- 

20 wise into the reaction space by providing two or 
more feed openings, for example, feed openings 
9a and 9b. In the latter case, the gaseous starting 
materials supplied from the feed opening arranged 
at the inlet of the reaction space are subjected to 

25 reaction to produce core-forming ceramic, and then 
another kind of gaseous starting materials are sup- 
plied in one-step or multi-steps from feed openings 
arranged at a position away from the inlet along the 
axial direction of the inner cylinder, to sequentially 

30 coat core-forming particles with the ceramics pro- 
duced by each of the reactions in the reaction 
space to give fine particles having a multi-layered 
structure. 

When two or more feed openings for supplying 

35 gaseous starting materials are provided, they are 
preferably arranged at such a position that the 
reaction of the gaseous starting materials supplied 
in the previous step are substantially progressed, 
so that the mixing of materials in each of the coat 

40 layers constituting the fine particles having a multi- 
layered structure can be reduced. The reaction rate 
is preferably not less than 80%, more preferably 
not less than 90%. 

In the formed fine particles produced in the 

45 process of producing the fine particles having a 
multi-layered structure, the surface of the fine par- 
ticles is coated with substances in the forms of 
atoms, molecules, or radicals thereof, or aggre- 
gates thereof which are formed by the reaction of 

50 the gaseous starting materials, and the coat layers 
are sequentially formed as the coated fine particles 
are transferred to a portion away from the inlet in 
the reaction space. Although the structure of the 
coat layers may vary depending on coating con- 

55 ditions and reaction space conditions, the coat lay- 
ers usually have a substantially uniform laminar 
structure. In certain cases depending on the posi- 
tions of the feed openings for supplying gaseous 
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starting materials arranged at positions away from 
the inlet, the ceramic may form aggregates of 
partially uniformly coated fine particles. 

In the above-mentioned coaxial, double-cylin- 
der reaction apparatus, since the flow rate near the 
rotating inner cylinder is greater than the flow rate 
near the outer cylinder, the centrifugal force of the 
fluid mass rotating near the inner cylinder becomes 
greater than the centrifugal force of the fluid mass 
rotating near the outer cylinder. Therefore, the fluid 
mass near the inner cylinder is discharged as a 
discharged flow in the direction of the outer cyl- 
inder, while the fluid mass near the outer cylinder 
flows toward the inner cylinder as a return flow. 
The discharged flow and the returned flow con- 
stitute the Taylor vortex flows in the reaction space. 
These vortex flows are independent from each oth- 
er with substantially no mixing of the vortex flows 
with each other. Therefore, the gaseous starting 
materials introduced from the inlet of the reaction 
space are mixed in the Taylor vortex flows, so that 
the temperature and the concentration of the gas- 
eous starting materials in the vortex flows become 
even. In addition, if the introduction speed of the 
gaseous starting materials is kept constant, the 
residence time in the reaction space of the gas- 
eous starting materials in each of the vortex flows 
becomes constant. 

In the coaxial, double-cylinder reaction appara- 
tus, the conditions required for forming the Taylor 
vortex flow in the reaction space in the case of 
giving an axial flow include a radius of an inner 
cylinder, a width of the annular portion between the 
inner and outer cylinders, a viscosity of the vapor 
phase, a rotational angular velocity of an inner 
cylinder, and an axial velocity in a vapor phase. 
The formation of Taylor vortex flow is determined 
by the combination of each of the conditions, and 
the generating conditions of the Taylor vortex flow 
and the conditions for passing the Taylor vortex 
flow through the reaction space of the coaxial, 
double-cylinder reaction apparatus without breaking 
the vortex flow are defined by a Taylor number and 
a Reynolds number, respectively, as expressed in 
the following equations. 

Ta = (Ri.^.d/f)(d/Ri) 1/2 
Re = 6»u/v 

(In the equations, Ta stands for a Taylor number; 
Ri stands for a radius of an inner cylinder; <c stands 
for a rotational angular velocity of an inner cylinder; 
Re stands for a Reynolds number; d stands for a 
width of an annular portion between the inner and 
outer cylinders; ^stands for kinematic viscosity of 
the vapor phase; and u is an axial velocity in the 
vapor phase.) 


In the present invention, as for the generating 
conditions of the Taylor vortex flow, the Taylor 
number is preferably in the range of from 40 to 
15,000, more preferably in the range of from 70 to 

5 10,000, and particularly preferably in the range of 
from 100 to 5,000. The reasons for the limitations 
are as follows. When the Taylor number is less 
than 40, the Taylor vortex flow is not generated, 
and when the Taylor number is greater than 

w 15,000, the vortex structure is broken. 

In Embodiment A of the present invention, the 
rotational angular velocity of the inner cylinder is 
controlled so as to form the Taylor vortex flow 
mentioned above. 

75 In addition, as for the conditions for passing 

through the reaction space of the coaxial, double- 
cylinder reaction apparatus without breaking the 
Taylor vortex flow generated under the above-men- 
tioned conditions, the Reynolds number is prefer- 

20 ably in the range of greater than 0.05 and not more 
than 2,000, and desirably in the range of from 0.5 
to 500. The reasons for limitations are as follows. 
When the Reynolds number is less than 0.05, the 
flow amount of the carrier gas becomes small, 

25 thereby reducing the production efficiency. In addi- 
tion, when the Reynolds number is greater than 
2,000, the Taylor vortex flow is subject to an axial 
flow and thus is broken. 

In Embodiment A of the present invention, the 

30 rotational angular velocity of the inner cylinder and 
the axial velocity of the vapor phase are preferably 
controlled so that the Taylor number and the Reyn- 
olds number are in the ranges of, respectively, 
from 40 to 15,000 and from 0.05 to 2,000. 

35 As long as the Taylor number and the Reyn- 

olds number are within the above ranges, the gen- 
erating conditions of the Taylor vortex flow and the 
conditions for passing through the reaction space 
of the coaxial, double-cylinder reaction apparatus 

40 without breaking the Taylor vortex flow in the 
present invention can be satisfied; in other words, 
the formation conditions of the Taylor vortex flow in 
the reaction space can be satisfied. 

Also, although the pressure inside the reaction 

45 space is not limited, it is desirably a normal pres- 
sure or a positive pressure in order to increase the 
stability of the vortex flow by increasing the den- 
sities of the gaseous starting materials. 

The ceramic fine particles obtained by Embodi- 

50 ment A of the present invention has good mon- 
odisperse property, and the surface of fine particles 
is clean. Also, by adjusting the concentration of the 
gaseous starting materials or the residence time of 
the gases in the reaction space, those having a 

55 particle diameter in the range of from 0.001 to 10 
l±m can be obtained. When taking into consider- 
ation the functional improvements of producing fine 
particles, those having a particle diameter of from 


10 


17 


EP 0 677 326 A1 


18 


0.001 to 1 mm are desired. Incidentally, the particle 
diameter of the ceramic fine particles may be mea- 
sured by various methods, including, for instance, a 
scanning or transmission electron microscope. 

In addition, when the fine particles having a 
multi-layered structure are produced, the particles 
having uniform coat layers can be obtained in 
addition to the features mentioned above. The 
thickness of each of the coat layers may be ex- 
pressed in term of the ratio of dp/Dp, wherein dp 
stands for the particle diameter of the portion com- 
prising an inner side of the coat layer, and Dp 
stands for the particle diameter of the portion in- 
cluding the coat layer, and dp/Dp is preferably in 
the range of from 0.5 to 0.9999. When dp/Dp is 
less than 0.5, the properties of the portion compris- 
ing an inner side of the coat layer cannot be 
expected to affect the external portion via the coat 
layer, and when dp/Dp exceeds 0.9999, the forma- 
tion of the coat layer is insufficient, so that the coat 
layer cannot be expected to fully exhibit the prop- 
erties thereof. 

As explained above, uniform ceramic fine par- 
ticles can be easily produced by the steps of 
supplying gaseous starting materials formed by 
vaporizing one or more kinds of metal compounds 
into the reaction space of the coaxial, double-cyl- 
inder reaction apparatus with a carrier gas, and 
subjecting the gaseous starting materials to reac- 
tion under the formation conditions of the Taylor 
vortex flow. Also, according to the method of the 
present invention, since the Taylor vortex flow ef- 
fectively inhibits the adhesion of the formed fine 
particles to the wall surface of the inner cylinder 
and the outer cylinder by a scratch-off effect of the 
vortex flow, the ceramic fine particles can be pro- 
duced at a high yield. 

Embodiment B 

Embodiment B of the present invention will be 
explained in derail hereinbelow referring to the 
drawing. 

Figure 5 is a schematic view showing an exam- 
ple of an apparatus used in Embodiment B of the 
present invention. 

A solution containing one or more kinds of 
metal salts contained in a vessel 13 is continuously 
supplied into a device 15 for atomizing starting 
materials to generate fine droplets by using a cir- 
culation pump 14 for conveying fluids (hereinafter 
simply referred to as "starting material droplets"), 
and the obtained starting material droplets are in- 
troduced into a coaxial, double-cylinder reaction 
apparatus with a carrier gas supplied from a device 
6 for supplying a carrier gas, the reaction appara- 
tus having a stationary outer cylinder 2 and a 
rotatable inner cylinder 1. At this time, the inner 


cylinder is being rotated by a motor device 3 for 
rotating an inner cylinder. By setting the rotational 
angular velocity of the inner cylinder and the axial 
velocity of the vapor phase containing the starting 

5 material droplets at suitable values in the gap (a 
reaction space 8) formed between the inner cyl- 
inder 1 and the outer cylinder 2, a Taylor vortex 
flow, which is an annular vapor-phase vortex flow, 
can be formed. The Taylor vortex flow is in a state 

w of a vapor-liquid mixed phase at the inlet, and as 
the Taylor vortex flow shifts toward the outlet, the 
starting material droplets contained in the Taylor 
vortex flow are energized by a thermal energy 
supplying device 16 for supplying thermal energy 

15 required for pyrolytic reaction, and the starting ma- 
terial droplets are subjected to pyrolytic reaction to 
form ceramic fine particles. The fine particles in the 
vapor phase coming out from a reaction space 8 
are collected by a device 7 for collecting fine 

20 particles. 

The vessels 13 are not particularly limited in 
their shapes, sizes, and materials, as long as the 
solution used as the starting materials containing 
one or more kinds of metal salts (hereinafter simply 

25 referred to as "starting material solution") can be 
stably stored. 

The circulation pumps 14 for conveying fluids 
are not particularly limited, and a constant-feeding 
pump capable of supplying a starting material solu- 

30 tion at a given amount is preferred. 

Examples of the devices 15 for atomizing start- 
ing materials include atomization devices utilizing 
ultrasonic vibration and two fluid-type pressure 
spraying devices, and the atomization devices uti- 

35 lizing ultrasonic vibration are preferred in order to 
obtain droplets having a narrow droplet diameter 
distribution and a fine size. 

The device 6 for supplying a carrier gas may 
be any ones which can supply a given amount of 

40 flow of the carrier gas for a long period of time, as 
in the case of Embodiment A. As for a device for 
controlling an amount of flow of the carrier gas, for 
instance, a mass flow meter may be used. 

The coaxial, double-cylinder reaction apparatus 

45 comprises, as in the case of Embodiment A, a 
stationary outer cylinder 2 and a rotatable inner 
cylinder 1, and an annular portion formed in a gap 
between the inner cylinder and the outer cylinder is 
used as a reaction space 8. As for materials for the 

50 apparatus, stainless steel, ceramics, silica glass, 
etc. can be used. 

The motor device 3 for rotating an inner cyl- 
inder is a device which can make the inner cylinder 
rotate at a given speed for a long period of time as 

55 in the case of Embodiment A, and for instance, a 
motor used in an invertor control may be preferably 
used. 
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As for thermal energy supplying devices 16 for 
supplying thermal energy required for pyrolytic re- 
action, temperature-controllable high-temperature 
heating members (electric furnace, etc.) may be 
preferably used. 

Examples of the pyrolytic reactions include the 
following: 

1) Ti(S002 — Ti0 2 + SO x ; 

2) Zn(N0 3 ) 2 — ZnO + NO x ; 

3) Si(CH 3 K - SiC + 3CH 4 ; and 

4) [TiCl(NH 3 ) 5 ]CI 2 -> TiN + 3HCI + 4NH 3 
Also, as for the temperature distribution in the 

reaction space in this coaxial, double-cylinder reac- 
tion apparatus, the device 16 for supplying thermal 
energy has to be temperature-controlled so that the 
isothermal portions can be kept as wide as possi- 
ble along the axial directions and radial directions. 
The temperature of the reaction space may be 
suitably set depending upon the types of the metal 
salts and the solvents used, and the temperature is 
preferably in the range of from 50 to 2,000 0 C, 
more preferably in the range of from 100 to 
1 ,500 ° C, and particularly preferably in the range of 
from 300 to 1,300*0. When the temperature of the 
reaction space is less than 50 6 C, the rate for the 
pyrolytic reaction is low, and when the temperature 
exceeds 2,000 °C, rapid evaporation of the solvent 
takes place, thereby making it undesirably difficult 
to control the particle diameter. 

As for the device 7 for collecting fine particles, 
a filter-type or electrostatic-type collector is effec- 
tively used as in the case of Embodiment A, with a 
preference given to an electric dust collector or a 
diffusion charge-type electrostatic collector for a 
long-term operation. 

Next, the method for producing the ceramic 
fine particles of the present invention using the 
apparatus in Embodiment B of the present inven- 
tion mentioned above will be explained. 

The starting material droplets used in the 
present invention comprises droplets formed from 
a starting material solution containing one or more 
kinds of metal salts. The metal elements used in 
the metal salts are specifically alkali metals, al- 
kaline earth metals, transition metals, etc., as in the 
case of Embodiment A. Examples thereof include 
alkali metals, such as Li, Na, K, Rb, Cs, and Fr; 
alkaline earth metals, such as Be, Mg, Ca, Sr, Ba, 
and Ra; and transition metals including elements in 
the fourth series of the periodic table, such as Sc, 
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, and As; 
elements in the fifth series, such as Y, Zr, Nb, Mo, 
Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, and Sb; elements in 
the sixth series, such as La, Hf, Ta, W, Re, Os, Ir, 
Pt, Au, Hg, TI, Pb, and Bi; and other elements, 
such as Al and Si. 

Also, the kinds of the metal salts include 
hydrochlorides, nitrates, phosphates, carbonates, 


acetates, double salts comprising two or more 
kinds of salts, and complex salts comprising com- 
plex ions, each of which may be in the form of an 
anhydride or a hydrate. Specific examples of the 

5 metal salts include Ti(S00 2 , CuSO+*5H 2 0, Zn- 
(N0 3 ) 2 *6H 2 0, Ca(N0 3 ) 2 *4H 2 0, CaCI 2 , MgCOs, 
Fe 3 (P002, Cu(CH 3 COO) 2 , double salts such as 
KMgCI 3 and AIK(SCU) 2 , and complex salts such as 
K 3 [Fe(CN) 6 ] and [CoCI(NH 3 ) 5 ]Cl 2 . 

w These metal salts may be used singly or as a 

mixture. In the case where a mixture, for instance, 
a mixture of a titanate and a zinc salt, is used, 
either a mixture of zinc oxide and titanium oxide or 
a composite, which is zinc titanate (Zn 2 TiCH) can 

75 be obtained depending upon the temperature of 
the pyrolytic reaction. 

Also, the solvents for the metal salts used in 
the preparation of the starting material solution may 
be water or organic solvents. Examples of the 

20 organic solvents include alcohols such as methanol 
and ethanol and polar solvents such as N,N- 
dimethylformamide, dimethyl sulfoxide, and hex- 
amethylphosphylamide. 

The concentration of the metal salts in the 

25 starting material droplets is preferably in the range 
of from 10~ 5 mol/L to 20 mol/L, desirably in the 
range of from 10~^ mol/L to 10 mol/L. The reasons 
for limitations are as follows. When the concentra- 
tion of the metal salts in the starting material 

30 droplets is lower than 10~ 5 mol/L, the amount of 
the metal oxide fine particles produced becomes 
extremely small, and when the concentration is 
higher than 20 mol/L, the viscosity of the starting 
material solution for forming the droplets become 

35 excessively high, thereby making it difficult to pro- 
duce fine droplets. 

The average droplet diameter of the starting 
material droplets is in the range of normally from 
0.1 to 100 urn, preferably from 0.1 to 50 urn, and 

40 those droplets having as a narrow droplet diameter 
distribution as possible are preferred. When the 
average droplet diameter is less than 0.1 urn, it is 
generally not easy to practically produce droplets 
of this order, and when the average droplet diam- 

45 eter exceeds 100 urn, the diameter of the formed 
fine particles is in the order of about several dozen 
micrometers at its smallest size, so that the pro- 
duction of the fine particles become difficult. In- 
cidentally, the average droplet diameter is prefer- 
so ably measured in the state of a vapor-liquid mixed 
phase, and for instance, it can be measured by a 
device for measuring light scattering-type diameter 
distribution. 

The concentration of the starting material 
55 droplets supplied is desirably from 10 2 to 10 11 
particles/m 3 , based on the carrier gas. When the 
concentration is at conditions of higher than 10 2 
particles/m 3 , the aggregates are likely to be formed 
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with the droplets themselves, and when the con- 
centration is at conditions of lower than 10 11 par- 
ticles/m 3 , the productivity of the fine particles 
lowers. 

The carrier gas refers to an inert gas, or any 
gases which do not inhibit the progress of the 
pyrolytic reaction, and for instance, helium, air, 
nitrogen, etc. may be used. The amount of flow of 
the carrier gas is preferably adjusted so that the 
amount of flow of the carrier gas is an amount not 
more than that which may cause to break the 
Taylor vortex flow, which is an annular, vapor- 
phase vortex, and the residence time of the carrier 
gas containing the starting material droplets in the 
reaction space becomes not shorter than 1 second. 

In the above-mentioned coaxial, double-cylin- 
der reaction apparatus, as explained in Embodi- 
ment A, since the flow rate near the rotating inner 
cylinder is greater than the flow rate near the outer 
cylinder, the centrifugal force of the fluid mass 
rotating near the inner cylinder becomes greater 
than the centrifugal force of the rotating fluid mass 
near the outer cylinder. Therefore, the fluid mass 
near the inner cylinder is discharged as a dis- 
charged flow in the direction of the outer cylinder, 
while the fluid mass near the outer cylinder flows 
toward the inner cylinder as a return flow. The 
discharged flow and the returned flow constitute 
the Taylor vortex flows in the reaction space. 
These vortex flows are independent from each oth- 
er with substantially no mixing of the vortex flows 
with each other. Therefore, the starting material 
droplets introduced from the inlet of the reaction 
space are mixed in the Taylor vortex flows, so that 
the temperature and the densities of the starting 
material droplets in the vortex flows become even. 
In addition, if the introduction speed of the starting 
material droplets is kept constant, the residence 
time in the reaction space of the starting material 
droplets in each of the vortex flows becomes con- 
stant. 

As explained in Embodiment A, the formation 
of the Taylor vortex flow in the present invention 
refers to the conditions for generating the Taylor 
vortex flow in the reaction space and for passing 
the vortex flow through the reaction space without 
breaking the generated vortex flow. In the coaxial, 
double-cylinder reaction apparatus, the conditions 
required for generating the Taylor vortex flow in the 
reaction space in the case of giving an axial flow 
include a width of the annular portion between the 
inner and outer cylinders, a kinematic viscosity of 
the vapor phase containing starting material 
droplets, a rotational angular velocity of an inner 
cylinder, and an axial velocity in a vapor phase. 
Specifically, the rotational angular velocity of the 
inner cylinder is controlled so as to generate the 
Taylor vortex flow in the vapor phase containing 


the starting material droplets in the reaction space. 

The generation of Taylor vortex flow is deter- 
mined by the combination each of the conditions, 
and the conditions for generating the Taylor vortex 
5 flow and the conditions for passing the vortex flow 
through the reaction space of the coaxial, double- 
cylinder reaction apparatus without breaking the 
vortex flow are satisfied by controlling the rotational 
angular velocity of the inner cylinder and the axial 
w velocity of the vapor phase containing the starting 
material droplets so as to have the Taylor number 
and the Reynolds number in given ranges. Here, 
the Taylor number and the Reynolds number, re- 
spectively, are expressed in the following equa- 
ls tions. 

Ta = (Ri.o>.d/r)(d/Ri) 1/2 
Re = d-uVj'' 

20 (In the equations, Ta stands for a Taylor number; 
Ri stands for a radius of an inner cylinder; <o stands 
for a rotational angular velocity of an inner cylinder; 
Re stands for a Reynolds number; d stands for a 
width of an annular portion between the inner and 

25 outer cylinders; v* stands for kinematic viscosity in 
the vapor phase containing starting material 
droplets; and u' is an axial velocity in the vapor 
phase containing starting material droplets.) 

Specifically, as in the case of Embodiment A, 

30 as for the generating conditions of the Taylor vor- 
tex flow, the Taylor number is preferably in the 
range of from 40 to 15,000, more preferably in the 
range of from 70 to 10,000, and particularly prefer- 
ably in the range of from 100 to 5,000. The reasons 

35 for the limitations are as follows. When the Taylor 
number is less than 40, the Taylor vortex flow is 
not generated, and when the Taylor number is 
greater than 15,000, the vortex structure is broken. 
In addition, as in the case of Embodiment A, as 

40 for the conditions for passing through the reaction 
space of the coaxial, double-cylinder reaction ap- 
paratus without breaking the Taylor vortex flow 
generated under the above-mentioned conditions, 
the Reynolds number is preferably in the range of 

45 greater than 0.05 and not more than 2,000, and 
desirably in the range of from 0.5 to 500. The 
reasons for limitations are as follows. When the 
Reynolds number is less than 0.05, the flow 
amount of the carrier gas becomes small, thereby 

50 reducing the production efficiency. In addition, 
when the Reynolds number is greater than 2,000, 
the Taylor vortex flow is subject to an axial flow 
and thus is broken. 

In Embodiment B of the present invention, as 

55 in the case of Embodiment A, the rotational angular 
velocity of the inner cylinder and the axial velocity 
of the vapor phase are preferably controlled so that 
the Taylor number and the Reynolds number, re- 
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spectively, are in the ranges of from 40 to 15,000 
and from 0.05 to 2,000. 

As long as the Taylor number and the Reyn- 
olds number are within the above ranges, the gen- 
erating conditions of the Taylor vortex flow and the 
conditions for passing through the reaction space 
of the coaxial, double-cylinder reaction apparatus 
without breaking the Taylor vortex flow in the 
present invention can be satisfied; in other words, 
the formation conditions of the Taylor vortex flow in 
the reaction space can be satisfied. 

Also, although the pressure inside the reaction 
space is not limited, it is desirably a normal pres- 
sure or a positive pressure in order to increase the 
stability of the vortex flow by increasing the den- 
sities of the starting material droplets. 

The ceramic fine particles obtained by Embodi- 
ment B of the present invention has good mon- 
odisperse property. Also, by setting the suitable 
conditions in the concentration of the spraying so- 
lution, the types of devices for atomizing starting 
materials, the amount of flow of the carrier gas, and 
the temperature inside the reaction space, the ce- 
ramic fine particles having a particle diameter in 
the range of from 0.01 to several dozen microm- 
eters can be obtained. When taking into consider- 
ation the yield of the fine particles produced and 
the functional improvements of producing fine par- 
ticles, those having a particle diameter of from 0.05 
to 5 um are desired. Incidentally, the particle diam- 
eter of the ceramic fine particles may be measured 
by various methods, including, for instance, a scan- 
ning or transmission electron microscope. 

Also, in Embodiment B of the present inven- 
tion, porous ceramic fine particles can be easily 
produced. 

As explained above, uniform ceramic fine par- 
ticles can be easily produced by the steps of 
supplying starting material droplets, which are pro- 
duced by forming droplets with a solution contain- 
ing one or more kinds of metal salts, into the 
reaction space of the coaxial, double-cylinder reac- 
tion apparatus with a carrier gas, and subjecting 
the starting material droplets to reaction under the 
formation conditions of the Taylor vortex flow. Also, 
according to the method of the present invention, 
since the Taylor vortex flow effectively inhibits the 
adhesion of the formed fine particles to the wall 
surface of the inner cylinder and the outer cylinder 
by a scratch-off effect of the vortex flow, the ce- 
ramic fine particles can be produced at a high 
yield. 

As explained above, according to the produc- 
tion methods of Embodiment A or Embodiment B 
in the present invention, by utilizing the Taylor 
vortex flow as the flow for a CVD reaction field or a 
pyrolytic reaction field, uniform ceramic fine par- 
ticles can be continuously produced at a high yield 


and a low cost because of an even temperature 
distribution, an even concentration distribution of 
the reaction gases, an even concentration distribu- 
tion of the droplet number in the vortex flow, and 

5 residence time of the resulting fine particles envel- 
oped in the vortex flow. In the present invention, 
either of Embodiment A and Embodiment B can be 
utilized. Embodiment A is preferred particularly in 
the case for producing the ceramic fine particles 

w having a multi-layered structure, and Embodiment 
B is preferred in the case for producing porous 
ceramic fine particles. 

The present invention is hereinafter described 
in more detail by means of the following Examples 

75 and Comparative Examples, but the present inven- 
tion is not by any means limited to these exam- 
ples. 

Example 1 

20 

The reaction apparatus shown in Figure 1 was 
used to produce ceramic fine particles. Specifically, 
titanium tetraisopropoxide (Ti(OC3H 7 )0 was evap- 
orated at 50 °C using an evaporator. By using a 

25 nitrogen carrier gas (kinematic viscosity of the ni- 
trogen gas being 0.98 cm 2 /s at 600 °C) controlled 
at a flow rate of 10 L/min, the obtained vapor was 
supplied to the reaction space existing in the gap 
of the inner and outer cylinders from a bottom 

30 portion up of a coaxial, double-cylinder reaction 
apparatus (made of stainless steel, inner cylinder 
diameter of 100 mm, outer cylinder diameter of 
133 mm, width of 16.5 mm and length of 57 cm of 
annular portion between the inner and outer cyl- 

35 inders), the reaction apparatus being temperature- 
controlled at 600 °C using a heating furnace ar- 
ranged outside of the outer cylinder. Formation 
conditions of Taylor vortex flow were maintained by 
controlling the peripheral speed of the outer sur- 

40 face of the inner cylinder at 262 cm/s (inner cyl- 
inder rotational speed 500 rpm). The gaseous start- 
ing material was pyrolyzed while passing through 
the reaction space, to give Ti02 fine particles, and 
the Ti02 fine particles contained in the vapor phase 

45 were collected using a diffusion charge-type elec- 
trostatic collector attached immediately outside the 
outlet of the reaction space. 

Incidentally, at this time, the concentration of 
the gaseous starting material was 0.16% by weight, 

so based on the nitrogen carrier gas, determined by 
measuring the amount of starting material evap- 
orated by means of gravimetric analysis. Also, the 
average residence time of the gaseous starting 
material in the reaction space was about 21 sec- 

55 onds. The Taylor number was 358, and the Reyn- 
olds number was 4.6, satisfying the formation con- 
ditions of the Taylor vortex flow mentioned above. 
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The Ti02 fine particles obtained by the above- 
mentioned conditions have a crystalline phase 
comprising anatase which was partially mingled in 
an amorphous phase. The diameter of the T1O2 
fine particles was about 0.03 urn in average diam- 
eter (number basis). Also, as for the particle diam- 
eter distribution, 15% of the particles fell in the 
range of from 0.01 to 0.02 urn, 70% of the par- 
ticles in the range of from 0.02 to 0.04 urn, 10% of 
the particles in the range of from 0.04 to 0.06 um, 
and 5% of the particles in the range of from 0.06 to 
0.10 um. 

In addition, the yield (weight ratio) of the Ti02 
fine particles collected using a filter was 98%. 

Incidentally, the crystalline phase of the formed 
Ti0 2 fine particles was measured with an X-ray 
diffractometer. Also, the particle diameter was mea- 
sured using a scanning electron microscope. The 
measurements were taken in the same manner in 
the following Examples and Comparative Exam- 
ples. 

Comparative Example 1 

The same reaction apparatus and conditions as 
those used in Example 1 were used to carry out a 
production experiment of fine particles by pyrolyz- 
ing gaseous starting materials in a piston flow, 
without rotating the inner cylinder, namely without 
producing the Taylor vortex flow. 

The Ti02 fine particles obtained by the above- 
mentioned conditions have a crystalline phase 
comprising anatase which was partially mingled in 
an amorphous phase. The diameter of the Ti02 
fine particles was about 0.04 um in average diam- 
eter (number basis). Also, as for the particle diam- 
eter distribution, 20% of the particles fell in the 
range of from 0.01 to 0.02 um, 40% of the par- 
ticles in the range of from 0.02 to 0.04 um, 30% of 
the particles in the range of from 0.04 to 0.06 um, 
and 10% of the particles in the range of from 0.06 
to 0.10 um. Their particle diameter distribution was 
wider and their monodisperse property was poorer 
than that obtained in Example 1, wherein the fine 
particles were produced under formation conditions 
of Taylor vortex flow. 

The yield (weight ratio) of the Ti02 fine par- 
ticles collected using a filter was 83%, because the 
Ti0 2 fine particles adhered to the walls of the inner 
and outer cylinders. This yield was lower than that 
obtained in Example 1, wherein the fine particles 
were produced under formation conditions of Tayl- 
or vortex flow. 

Example 2 

The reaction apparatus shown in Figure 2 was 
used to produce multi-layered ceramic fine par- 


ticles. The kinds and vaporizing temperatures of 
the gaseous starting materials, and the tempera- 
ture, dimensions, and shape of the reaction space, 
and the rotational speed of the inner cylinder were 

5 the same as those used in Example 1. By using a 
carrier nitrogen gas controlled at a flow rate of 5 
L/min, the obtained vapor was supplied into the 
reaction space through a feed opening 9 arranged 
at the top portion of the reaction space, and then 

10 mica fine particles (platy, average diameter of 
about 5 um, average thickness of about 0.25 um) 
in a nitrogen gas-dispersed state (about 5 x 10 10 
particles/m 3 ) were supplied into the reaction space 
similarly through the feed opening 12 arranged at 

75 the top portion using a powder supply dispersion 
device. The flow rate of the nitrogen gas containing 
the mica fine particles was controlled at 1 L/min. 
Ti02 produced by pyrolysis of the gaseous starting 
material while passing through the reaction space 

20 was applied to the surface of the mica fine par- 
ticles. The Ti02-coated mica fine particles con- 
tained in the gas coming out from the bottom 
portion of the reaction space were collected in the 
same manner as in Example 1 . 

25 Incidentally, at this time, the concentration of 

the gaseous starting material was 0.17% by weight, 
based on the nitrogen carrier gas, and the average 
residence time of the gaseous starting material in 
the reaction space was about 36 seconds. The 

30 Taylor number was 358, and the Reynolds number 
was 2.8, satisfying the formation conditions of the 
Taylor vortex flow mentioned above. 

As a result of an X-ray diffraction analysis, in 
the Ti02-coated mica fine particles obtained by the 

35 above-mentioned conditions, it was found that the 
Ti02 coat layer has a crystalline phase comprising 
anatase which was partially mingled in an amor- 
phous phase. As a result of observing the cross 
section of the fine particles using transmission 

40 electron microscope, the coat layer had a uniform, 
layered structure whose average thickness was 
about 0.11 um. Also, the ratio of the particle diam- 
eter dp of the mica fine particles to the particle 
diameter Dp of the Ti02 -coated mica fine particles, 

45 namely dp/Dp, was 0.98. In addition, as for the 
thickness distribution of the coat layer, 2% of the 
particles fell in the range of not more than 0.08 
um, 10% of the particles in the range of from 0.08 
to 0.10 um, 72% of the particles in the range of 

50 from 0.10 to 0.12 um, 13% of the particles in the 
range of from 0.12 to 0.14 um, and 3% of the 
particles in the range of not less than 0.14 um. As 
for the appearance of the fine particles, the overall 
color was beige having brilliant pearly luster, and 

55 the coloring was uniform in the entire fine particles. 

In addition, the yield (weight ratio) of the TiC^- 
coated mica fine particles collected using a filter 
was 97%. 
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Comparative Example 2 

The same reaction apparatus and conditions as 
those used in Example 2 were used to carry out a 
formation experiment of fine particles by pyrolyzing 
gaseous starting materials in a piston flow, without 
rotating the inner cylinder, namely without produc- 
ing the Taylor vortex flow. 

In the Ti02 -coated mica fine particles obtained 
by the above-mentioned conditions, the T1O2 coat 
layer has a crystalline phase comprising anatase 
which was partially mingled in an amorphous 
phase. The average thickness of the coat layer was 
about 0.09 mm. Also, as for the thickness distribu- 
tion of the coat layer, 10% of the particles fell in 
the range of not more than 0.06 urn, 23% of the 
particles in the range of from 0.06 to 0.08 urn, 45% 
of the particles in the range of from 0.08 to 0.10 
M.m, 14% of the particles in the range of from 0.10 
to 0.12 urn, and 8% of the particles in the range of 
not less than 0.12 urn. The thickness distribution of 
the coat layer was wider and the monodisperse 
property of the fine particles was poorer than that 
obtained in Example 2, wherein the fine particles 
were produced under formation conditions of Tayl- 
or vortex flow. 

The yield (weight ratio) of the T1O2 -coated 
mica fine particles collected using a filter was 87%, 
because the formed fine particles adhered to the 
walls of the inner and outer cylinders. This yield 
was lower than that obtained in Example 2, wherein 
the fine particles were produced under formation 
conditions of Taylor vortex flow. 

Example 3 

The reaction apparatus shown in Figure 3 was 
used to produce multi-layered ceramic fine par- 
ticles. The temperature, dimensions, and shape of 
the reaction space, and the rotational speed of the 
inner cylinder were the same as those used in 
Example 1. Aluminum isopropoxide (AI(OCsH7)3) 
was evaporated at 100°C using an evaporator 5a. 
By using a carrier nitrogen gas controlled at a flow 
rate of 1 L/min, the obtained vaporized aluminum 
isopropoxide was supplied into the reaction space 
through a feed opening 9a arranged at the bottom 
portion of the reaction space. Further, titanium 
tetraisopropoxide was evaporated at 50 0 C using an 
evaporator 5b. By using a carrier nitrogen gas 
controlled at a flow rate of 1 L/min, the obtained 
vaporized titanium tetraisopropoxide was supplied 
into the reaction space through a feed opening 9b 
arranged at the wall portion of the outer cylinder 
(the distance between the top portion of the reac- 
tion space and the feed opening 9b being 10 cm). 
Ti02 produced by pyrolysis of titanium 
tetraisopropoxide was applied on the surface of the 


AI2O3 fine particles, the AI2O3 fine particles being 
produced by pyrolysis of aluminum isopropoxide, 
to give Ti02 -coated AI2O3 fine particles. The coat- 
ed fine particles contained in the gas coming out 

5 from the top portion of the reaction space were 
collected in the same manner as in Example 1 . 

Incidentally, at this time, as for the concentra- 
tion of the gaseous starting materials, aluminum 
isopropoxide was 0.35% by weight, and titanium 

10 tetraisopropoxide was 0.17% by weight, based on 
the nitrogen carrier gas. The average residence 
time of the gaseous starting materials in the reac- 
tion space was about 188 seconds for aluminum 
isopropoxide and about 18 seconds for titanium 

75 tetraisopropoxide. The Taylor number was 358, and 
the Reynolds number was 0.46 for the portion 
between the bottom portion of the reaction space 
and the feed opening 9b, and 0.93 for the portion 
above the feed opening 9b, satisfying the formation 

20 conditions of the Taylor vortex flow mentioned 
above. 

As a result of an X-ray diffraction analysis, in 
the Ti02 -coated AI2O3 fine particles obtained by 
the above-mentioned conditions, it was found that 

25 the AI2O3 core particles have a crystalline phase 
comprising a 7-type, somewhat close to an amor- 
phous state, and the Ti02 coat layer has a cry- 
stalline phase comprising anatase which was par- 
tially mingled in an amorphous phase. As a result 

30 of observing the fine particles using scanning elec- 
tron microscope, the particle diameter was about 
0.7 urn in average diameter (number basis). In 
addition, as for the particle diameter distribution, 
2% of the particles fell in the range of not more 

35 than 0.5 mm, 9% of the particles in the range of 
from 0.5 to 0.6 urn, 45% of the particles in the 
range of from 0.6 to 0.7 jam, 28% of the particles 
in the range of from 0.7 to 0.8 urn, 12% of the 
particles in the range of from 0.8 to 0.9 urn, and 

40 4% of the particles in the range of not less than 0.9 
urn. As a result of observing the cross section of 
the fine particles using transmission electron micro- 
scope, both the AI2O3 core particle portion and the 
Ti02 coat layer had uniform, layered structures, the 

45 structures being separated by clear grain bound- 
aries formed therebetween. The average thickness 
of the coat layer was about 0.05 urn. Also, the ratio 
of the particle diameter dp of the AI2O3 core par- 
ticles to the particle diameter Dp of the Ti0 2 - 

50 coated AI2O3 fine particles, namely dp/Dp, was 
0.93. As for the thickness distribution of the coat 
layer, 1% of the particles fell in the range of not 
more than 0.03 mm, 7% of the particles in the 
range of from 0.03 to 0.04 urn, 46% of the par- 

55 tides in the range of from 0.04 to 0.05 mm, 41% of 
the particles in the range of from 0.05 to 0.06 urn, 
5% of the particles in the range of from 0.06 to 
0.07 urn, and 0% of the particles in the range of 
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not less than 0.07 um. 

In addition, the yield (weight ratio) of the Ti02- 
coated AI2O3 fine particles collected using a filter 
was 96%. 

Comparative Example 3 

The same reaction apparatus and conditions as 
those used in Example 3 were used to carry out a 
formation experiment of fine particles by pyrolyzing 
gaseous starting materials in a piston flow, without 
rotating the inner cylinder, namely without produc- 
ing the Taylor vortex flow. 

In the Ti02 -coated AI2O3 fine particles ob- 
tained by the above-mentioned conditions, it was 
found that the Al 2 0 3 core particles have a cry- 
stalline phase comprising a 7-type, somewhat 
close to an amorphous state, and the Ti0 2 coat 
layer has a crystalline phase comprising anatase 
which was partially mingled in an amorphous 
phase. The particle diameter was about 0.7 um in 
average diameter (number basis). As for the par- 
ticle diameter distribution, 4% of the particles fell in 
the range of not more than 0.5 um, 15% of the 
particles in the range of from 0.5 to 0.6 um, 33% 
of the particles in the range of from 0.6 to 0.7 um, 
26% of the particles in the range of from 0.7 to 0.8 
um, 18% of the particles in the range of from 0.8 
to 0.9 um, and 4% of the particles in the range of 
not less than 0.9 um. The average thickness of the 
coat layer was about 0.05 um. As for the thickness 
distribution of the coat layer, 13% of the particles 
fell in the range of not more than 0.03 um, 15% of 
the particles in the range of from 0.03 to 0.04 um, 
28% of the particles in the range of from 0.04 to 
0.05 um, 23% of the particles in the range of from 
0.05 to 0.06 um, 14 of the particles in the range of 
from 0.06 to 0.07 um, and 7% of the particles in 
the range of not less than 0.07 um. Therefore, the 
diameter distribution of the coated particles and the 
thickness distribution of the coat layer were both 
wider, and the monodisperse property of the par- 
ticle diameter and the evenness of the coat layer 
were poorer than those obtained in Example 3, 
wherein the fine particles were produced under 
formation conditions of Taylor vortex flow. 

In addition, the yield (weight ratio) of the TiC>2- 
coated AI2O3 fine particles collected using a filter 
was 79%, because the formed fine particles ad- 
hered to the walls of the inner and outer cylinders. 
This yield was lower than that obtained in Example 
3, wherein the fine particles were produced under 
formation conditions of Taylor vortex flow. 

Example 4 

The reaction apparatus shown in Figure 4 was 
used to produce multi-layered ceramic fine par- 


ticles. The temperature, dimensions, and shape of 
the reaction space, and the rotational speed of the 
inner cylinder were the same as those used in 
Example 1. Titanium tetraisopropoxide was evap- 

5 orated at 50 0 C using an evaporator 5a. By using a 
carrier nitrogen gas controlled at a flow rate of 1 
L/min, the obtained vaporized titanium 
tetraisopropoxide was supplied into the reaction 
space through a feed opening 9a arranged at the 

10 top portion of the reaction space. In addition, 
Fe2C>3 fine particles (average diameter about 0.9 
um) were supplied in the reaction space through a 
feed opening 12 similarly arranged at the top por- 
tion of the reaction space, the Fe2 03 fine particles 

15 being dispersed (about 10 12 particles/m 3 ) in a nitro- 
gen gas using a powder supply dispersion device. 
At this time, the flow rate of the nitrogen gas 
containing the above Fe2 0 3 fine particles was con- 
trolled at 1 L/min. Further, aluminum isopropoxide 

20 was evaporated at 100°C using an evaporator 5b. 
By using a carrier nitrogen gas controlled at a flow 
rate of 1 L/min, the obtained vaporized aluminum 
isopropoxide was supplied into the reaction space 
through a feed opening 9b arranged at the wall 

25 portion of the outer cylinder (the distance between 
the top portion of the reaction space and the feed 
opening 9b being 10 cm). Ti02 produced by 
pyrolysis of titanium tetraisopropoxide was applied 
on the surface of the Fe2 03 fine particles, and 

30 AI2O3 produced by pyrolysis of aluminum 
isopropoxide was applied on the outer side of the 
coat surface, to give fine particles having a multi- 
layered structure of Fe2 03/Ti02/AI 2 03. The fine 
particles having a multi-layered structure contained 

35 in the gas coming out from the bottom portion of 
the reaction space were collected in the same 
manner as in Example 1 . 

Incidentally, at this time, as for the concentra- 
tion of the gaseous starting materials, titanium 

40 tetraisopropoxide was 0.17% by weight, and alu- 
minum isopropoxide was 0.35% by weight, based 
on the nitrogen carrier gas. The average residence 
time of the gaseous starting materials in the reac- 
tion space was about 75 seconds for titanium 

45 tetraisopropoxide and about 57 seconds for alu- 
minum isopropoxide. The Taylor number was 358, 
and the Reynolds number was 0.93 for the portion 
between the top portion of the reaction space and 
the feed opening 9b, and 1 .4 for the portion below 

50 the feed opening 9b, satisfying the formation con- 
ditions of the Taylor vortex flow mentioned above. 

As a result of an X-ray diffraction analysis, in 
the fine particles having a multi-layered structure of 
Fe2 03/Ti0 2 /Al2 03 obtained by the above-men- 

55 tioned conditions, it was found that the Ti0 2 coat 
layer has a crystalline phase comprising anatase 
which was partially mingled in an amorphous 
phase, and the Al 2 03 coat layer has a crystalline 
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phase comprising a 7-type, somewhat close to an 
amorphous state. As a result of observing the cross 
section of the fine particles using transmission 
electron microscope, both the T1O2 coat layer and 
the AI2O3 coat layer had uniform, layered struc- 
tures, the structures being separated by clear grain 
boundaries formed therebetween. The average 
thickness of the Ti02 coat layer was about 0.05 
urn. Also, the ratio of the particle diameter dp of 
the Fe2 03 core particles to the particle diameter 
Dp including the portion of the Ti02 coat layer, 
namely dp/Dp, was 0.89. As for the thickness dis- 
tribution of the Ti02 coat layer, 0% of the particles 
fell in the range of not more than 0.03 urn, 3% of 
the particles in the range of from 0.03 to 0.04 urn, 
21% of the particles in the range of from 0.04 to 
0.05 mm, 69% of the particles in the range of from 
0.05 to 0.06 mm, 7% of the particles in the range of 
from 0.06 to 0.07 mm, and 0% of the particles in 
the range of not less than 0.07 urn. The average 
thickness of the AI2O3 coat layer, constituting the 
outermost layer, was about 0.07 urn. Also, the ratio 
of the particle diameter dp of the portion excluding 
the AI2O3 coat layer to the particle diameter Dp of 
the entire fine particles having a multi-layered 
structure, namely dp/Dp, was 0.87. As for the thick- 
ness distribution of the AI2O3 coat layer, 1% of the 
particles fell in the range of not more than 0.04 
mm, 20% of the particles in the range of from 0.04 
to 0.06 mm, 76% of the particles in the range of 
from 0.06 to 0.08 mm, 3% of the particles in the 
range of from 0.08 to 0.10 urn, and 0% of the 
particles in the range of not less than 0.10 urn. 

In addition, the yield (weight ratio) of the fine 
particles having a multi-layered structure of 
Fe2 03/Ti02/Al2 03 which was collected using a filter 
was 95%. 

Comparative Example 4 

The same reaction apparatus and conditions as 
those used in Example 4 were used to carry out a 
formation experiment of fine particles by pyrolyzing 
gaseous starting materials in a piston flow, without 
rotating the inner cylinder, namely without generat- 
ing the Taylor vortex flow. 

In the fine particles having a multi-layered 
structure of Fe2 03/Ti0 2 /AI 2 03 obtained by the 
above-mentioned conditions, it was found that the 
Ti02 coat layer has a crystalline phase comprising 
anatase which was partially mingled in an amor- 
phous phase, and the AI2O3 coatlayer has a cry- 
stalline phase comprising a 7-type, somewhat 
close to an amorphous state. The average thick- 
ness of the Ti02 coat layer was about 0.05 mm. As 
for the thickness distribution of the T1O2 coat layer, 
6% of the particles fell in the range of not more 
than 0.03 urn, 13% of the particles in the range of 


from 0.03 to 0.04 mm, 24% of the particles in the 
range of from 0.04 to 0.05 urn, 37% of the par- 
ticles in the range of from 0.05 to 0.06 mm, 15% of 
the particles in the range of from 0.06 to 0.07 urn, 

5 and 5% of the particles in the range of not less 
than 0.07 mm. The average thickness of the Al 2 0 3 
coat layer, constituting the outermost layer, was 
about 0.07 mm. As for the thickness distribution of 
the AI2O3 coat layer, 6% of the particles fell in the 

10 range of not more than 0.04 mm, 35% of the 
particles in the range of from 0.04 to 0.06 mm, 44% 
of the particles in the range of from 0.06 to 0.08 
mm, 13% of the particles in the range of from 0.08 
to 0.10 mm, and 2% of the particles in the range of 

75 not less than 0.10 mm. The thickness distributions 
of both the Ti0 2 coat layer and the Al 2 0 3 coat 
layer were wider, and the evenness of the coat 
layer was poorer than those obtained in Example 4, 
wherein the fine particles were produced under 

20 formation conditions of Taylor vortex flow. 

In addition, the yield (weight ratio) of the fine 
particles having a multi-layered structure of 
Fe2 03/Ti02/AI 2 03 which was collected using a filter 
was 78%, because the formed fine particles ad- 

25 hered to the walls of the inner and outer cylinders. 
This yield was lower than that obtained in Example 
4, wherein the fine particles were produced under 
formation conditions of Taylor vortex flow. 

30 Example 5 

The reaction apparatus shown in Figure 5 was 
used to produce zinc oxide fine particles. Zinc 
nitrate hexahydrate (Zn(NOs)2 *6H 2 0) and purified 

35 water were added to prepare an aqueous solution 
of zinc nitrate to a concentration of 10 -4 ^ mol/L. By 
using a carrier nitrogen gas (kinematic viscosity of 
the nitrogen gas at 650 °C being 1.05 cm 2 /s) con- 
trolled at a flow rate of 2 L/min, the aqueous 

40 solution was supplied to the gap (reaction space) 
between the inner and outer cylinders from a bot- 
tom portion of a coaxial double-cylinder reaction 
apparatus (made of stainless steel, inner cylinder 
diameter 100 mm, outer cylinder diameter 133 

45 mm, width of 16.5 mm and length of 57 cm of 
annular portion between the inner and outer cyl- 
inders), the reaction apparatus being temperature- 
controlled at 650 °C using a heating furnace ar- 
ranged outside the outer cylinder. Formation con- 

50 ditions of Taylor vortex flow were maintained by 
keeping the peripheral speed of the outer periph- 
eral surface of the inner cylinder at 262 cm/s (inner 
cylinder rotational speed being 500 rpm). While 
shifting the Taylor vortex flow from the bottom 

55 portion to the top portion, starting material droplets 
(average droplet diameter 5 mm) were pyrolyzed to 
produce ZnO fine particles. The resulting ZnO fine 
particles obtained in a gas-solid mixed phase were 


18 


33 


EP 0 677 326 A1 


34 


collected using a diffusion charge type electrostatic 
particle collector attached immediately outside of 
the outlet of the reactor. 

Here, the average droplet diameter was mea- 
sured using a light scattering particle diameter dis- 
tribution meter ("PARTICLE SIZER," manufactured 
by Nippon Laser K.K.). The average residence time 
of the gas in the reaction space was about 103 
seconds. The Taylor number was 334, and the 
Reynolds number was 0.87, thereby satisfying the 
formation conditions of the Taylor vortex flow men- 
tioned above. 

The ZnO fine particles obtained by the above- 
mentioned conditions have a crystalline phase 
comprising hexagonal crystal system which was 
partially mingled in an amorphous phase. The ZnO 
particle diameter was about 0.2 urn in average 
diameter (number basis). As for the particle diam- 
eter distribution, 11% of the particles fell in the 
range of not more than 0.1 jam, 41% of the par- 
ticles in the range of from 0.1 to 0.2 urn, 40% of 
the particles in the range of from 0.2 to 0.3 jam, 
and 8% of the particles in the range of not less 
than 0.3 urn. 

In addition, the yield (weight ratio) of the ZnO 
fine particles which was collected using a filter was 
92%. 

Comparative Example 5 

The same reaction apparatus and conditions as 
those used in Example 5 were used to carry out a 
formation experiment of fine particles by pyrolyzing 
starting material droplets in a piston flow, without 
rotating the inner cylinder, namely without produc- 
ing the Taylor vortex flow. 

The ZnO fine particles obtained by the above- 
mentioned conditions have a crystalline phase 
comprising hexagonal crystal system which was 
partially mingled in an amorphous phase. The ZnO 
particle diameter was about 0.2 urn in average 
diameter (number basis). As for the particle diam- 
eter distribution, 3% of the particles fell in the 
range of not more than 0.1 jam, 31% of the par- 
ticles in the range of from 0.1 to 0.2 urn, 44% of 
the particles in the range of from 0.2 to 0.3 jam, 
and 22% of the particles in the range of not less 
than 0.3 urn. Therefore, the particle diameter dis- 
tribution was wider, and the monodisperse property 
was poorer than those obtained in Example 5, 
wherein the fine particles were produced under 
formation conditions of Taylor vortex flow. 

In addition, the yield (weight ratio) of the ZnO 
fine particles which was collected using a filter was 
75%, because the formed fine particles adhered to 
the walls of the inner and outer cylinders. This 
yield was lower than that obtained in Example 5, 
wherein the fine particles were produced under 


formation conditions of Taylor vortex flow. 
INDUSTRIAL APPLICABILITY 

5 According to the present invention, by utilizing 

the Taylor vortex flow as the flow in a CVD reaction 
field or a pyrolytic reaction field, uniform ceramic 
fine particles can be produced at a high yield 
because of an even temperature distribution, and 

w an even concentration distribution of the reaction 
gases or an even concentration distribution of the 
droplet number in the vortex flow, and residence 
time of the resulting fine particles enveloped in the 
vortex flow. Also, by supplying the core fine par- 

15 tides into the reaction space and supplying gas- 
eous starting materials into the reaction space 
through two or more feed openings, fine particles 
having a multi-layered structure each of whose 
layers has a uniform thickness can be obtained at a 

20 high yield. Therefore, by employing a simple pro- 
cess of the present invention, various kinds of 
ceramic fine particles can be continuously pro- 
duced at a high yield and a low cost. 

25 Claims 

1. A method for producing ceramic fine particles 
comprising the steps of vaporizing one or 
more kinds of metal compounds to give gas- 

30 eous starting materials; supplying said gas- 

eous starting materials with a carrier gas to a 
reaction space arranged in an annular portion 
between inner and outer cylinders of a coaxial, 
double-cylinder reaction apparatus, the reac- 

35 tion apparatus having a stationary outer cyl- 

inder and a rotatable inner cylinder; and sub- 
jecting said gaseous starting materials to reac- 
tion in said reaction space while rotating the 
inner cylinder. 

40 

2. The method according to claim 1 , wherein core 
fine particles are further supplied, other than 
the gaseous starting materials, to the reaction 
space with a carrier gas to coat the surface of 

45 said core fine particles with a ceramic pro- 

duced by subjecting said gaseous starting ma- 
terials to reaction. 

3. The method according to claim 1, wherein 
50 different kinds of gaseous starting materials 

are supplied to the reaction space with a car- 
rier gas through two or more feed openings 
arranged in the coaxial, double-cylinder reac- 
tion apparatus to form ceramic fine particles 
55 having a multi-layered structure comprising a 

ceramic produced by subjecting each of the 
gaseous starting materials to reaction. 


19 


35 


EP 0 677 326 A1 


36 


4. The method according to claim 1, wherein not 
only different kinds of gaseous starting materi- 
als are supplied to the reaction space with a 
carrier gas through two or more feed openings 
arranged in the coaxial, double-cylinder reac- 
tion apparatus, but also the core fine particles 
are supplied to the reaction space with a car- 
rier gas, to form ceramic fine particles having a 
multi-layered structure comprising a ceramic 
and said core fine particles, the ceramic being 
produced by subjecting each of the gaseous 
starting materials to reaction. 

5. The method according to any one of claims 1 
to 4, wherein the rotational angular velocity of 
the inner cylinder is controlled to form a Taylor 
vortex flow in a vapor phase inside the reaction 
space. 

6. The method according to any one of claims 1 
to 4, wherein the rotational angular velocity of 
the inner cylinder and the axial velocity of the 
vapor phase are controlled to have a Taylor 
number and a Reynolds number expressed by 
the following equations, respectively, in the 
ranges of from 40 to 15,000 and from 0.05 to 
2,000. 

Ta = (Ri-o J -d/ y )(d/Ri) 1/2 
Re = 6*u/v 

(In the equations, Ta stands for a Taylor num- 
ber; Ri stands for a radius of an inner cylinder; 
co stands for a rotational angular velocity of an 
inner cylinder; Re stands for a Reynolds num- 
ber; d stands for a width of an annular portion 
between the inner and outer cylinders; v stands 
for kinematic viscosity of the vapor phase; and 
u is an axial velocity of the vapor phase.) 

7. The method according to any one of claims 1 
to 4, wherein the concentration of the gaseous 
starting materials is 0.001 to 40% by weight, 
based on the carrier gas. 

8. The method according to claim 2 or 4, wherein 
the concentration of the core fine particles is 
10 2 to 10 20 particles/m 3 , based on the carrier 
gas. 

9. An apparatus for producing ceramic fine par- 
ticles comprising a starting material vaporizer 
for vaporizing one or more kinds of metal 
compounds to give gaseous starting materials; 
a device for supplying a carrier gas for con- 
veying said gaseous starting materials; a co- 
axial, double-cylinder reaction apparatus for 
forming a Taylor vortex flow, the reaction ap- 


paratus having a stationary outer cylinder and 
a rotatable inner cylinder, and further compris- 
ing a feed opening for supplying the gaseous 
starting materials; an inner cylinder rotating 

5 motor device for rotating said inner cylinder; 

an energy supplying device for supplying en- 
ergy required for chemical reaction to a reac- 
tion space, the reaction space being arranged 
in an annular portion between the inner and 

w outer cylinders of the reaction apparatus; and a 

device for collecting fine particles, the fine 
particles to be collected being in a vapor 
phase coming out from said reaction space. 

75 10. The production apparatus according to claim 9, 
wherein a feed opening for supplying core fine 
particles is further arranged in the coaxial, dou- 
ble-cylinder reaction apparatus, the feed open- 
ing being connected with a means for sup- 

20 plying the core fine particles. 

11. A method for producing ceramic fine particles 
comprising the steps of forming fine starting 
material droplets having an average droplet 

25 diameter of 0.1 urn to 100 urn using a solution 

containing one or more kinds of metal salts; 
supplying said starting material droplets with a 
carrier gas to a reaction space arranged in an 
annular portion between inner and outer cyl- 

30 inders of a coaxial, double-cylinder reaction 

apparatus, the reaction apparatus having a sta- 
tionary outer cylinder and a rotatable inner 
cylinder; and subjecting said starting material 
droplets to pyrolytic reaction in said reaction 

35 space while rotating the inner cylinder. 

12. The method according to claim 11, wherein the 
rotational angular velocity of the inner cylinder 
is controlled to form a Taylor vortex flow in a 

40 vapor phase containing said starting material 

droplets inside the reaction space. 

13. The method according to claim 11, wherein the 
rotational angular velocity of the inner cylinder 

45 and the axial velocity of the vapor phase con- 

taining said starting material droplets are con- 
trolled to have a Taylor number and a Reyn- 
olds number expressed by the following equa- 
tions, respectively, in the ranges of from 40 to 

so 1 5,000 and from 0.05 to 2,000. 

Ta = (Ri.co.d/f)(d/Ri) 1/2 
Re = d»u7p' 

55 (In the equations, Ta stands for a Taylor num- 

ber; Ri stands for a radius of an inner cylinder; 
co stands for a rotational angular velocity of an 
inner cylinder; Re stands for a Reynolds num- 
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ber; d stands for a width of an annular portion 
between the inner and outer cylinders; v 
stands for kinematic viscosity of the vapor 
phase containing said starting material 
droplets; and u' is an axial velocity of the vapor 5 
phase containing said starting material 
droplets.) 

14. The method according to claim 11, wherein the 
temperature of the reaction space is from 50 to w 
2000 °C. 

15. The method according to claim 11, wherein the 
concentration of metal salts in the starting ma- 
terial droplets is from 10~ 5 to 20 mol/L. 15 

16. The method according to claim 11, wherein the 
concentration of the starting material droplets 
supplied is from 10 2 to 10 11 particles/m 3 , based 

on the carrier gas. 20 

17. The method according to claim 11, wherein the 
average droplet diameter of the starting ma- 
terial droplets is from 0.1 to 100 urn. 

25 

18. An apparatus for producing ceramic fine par- 
ticles comprising a device for supplying a solu- 
tion containing one or more kinds of metal 
salts; a device for atomizing starting materials 

for forming fine droplets from said solution to 30 
give starting material droplets; a device for 
supplying a carrier gas for conveying said 
starting material droplets; a coaxial, double- 
cylinder reaction apparatus for forming Taylor 
vortex flow, the reaction apparatus having a 35 
stationary outer cylinder and a rotatable inner 
cylinder; an inner cylinder rotating motor de- 
vice for rotating said inner cylinder; a thermal 
energy supplying device for supplying thermal 
energy required for pyrolytic reaction to the 40 
reaction space, the reaction space being ar- 
ranged in an annular portion between the inner 
and outer cylinders of the reaction apparatus; 
and a device for collecting fine particles, the 
fine particles to be collected being in a vapor 45 
phase coming out from said reaction space. 
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